Results from injection of 175 tonnes of CO2 into the basaltic subsurface rocks at the CarbFix site in SW-Iceland in 2012 show almost complete mineralisation of the injected carbon in less than two years (Matter et al., 2016; Snaebjörnsdóttir et al., 2017) . Reaction path modelling was performed to illuminate the rate and extent of CO2-water-rock reactions during and after the injection. The modelling calculations were constrained by the compositions of fluids sampled prior to, during, and after the injection, as reported by Alfredsson et al. (2013) and Snaebjörnsdóttir et al. (2017) . The pH of the injected fluid, prior to CO2 dissolution was ~9.5, whereas the pH of the background waters in the first monitoring well prior to the injections was ~9.4. The pH of the sampled fluids used in the modelling ranged from ~3.7 at the injection well to as high as 8.2 in the first monitoring well. Modelling results suggest that CO2-rich water-basalt interaction is dominated by crystalline basalt dissolution along a faster, high permeability flow path, but by basaltic glass dissolution along a slower, pervasive flow path through which the bulk of the injected fluid flows. Dissolution of pre-existing calcite at the onset of the injection does not have a net effect on the carbonation, but does contribute to a rapid early pH rise during the injection, and influences which carbonate minerals precipitate. At low pH, Mg, and Fe are preferentially released from crystalline basalts due to the higher dissolution rates of olivine, and to lesser extent pyroxene, compared to plagioclase and glass (Gudbrandsson et al., 2011) . This favours the formation of siderite and Fe-Mg carbonates over calcite during early mineralisation. The model suggests the formation of the following carbonate mineral sequences: siderite at pH <5, Mg-Fe-carbonates and Ca-Mg-Fe-carbonates at pH >5, and calcite at higher pH. Other minerals forming with the carbonates are Al-and Fe-hydroxides, and chalcedony, and zeolites and smectites at elevated pH. The most efficient carbonate formation is when the pH is high enough for formation of carbonates, but not so high that zeolites and smectites start to form, which compete with carbonates over both cations and pore space. The results of reaction path modelling at the CarbFix site in SW-Iceland indicate that this "sweet spot" for mineralisation of CO2 is at pH from ~5.2-6.5 in basalts at low temperature (20-50°C).
Introduction
The reduction of CO2 emissions to the atmosphere is the one of the biggest scientific challenges of this century (Broecker, 2007; Hoffert et al., 2002; IEA, 2015; IPCC, 2014; Lackner, 2003; Oelkers and Schott, 2005; Pacala and Socolow, 2004) . The Paris Agreement (UN, 2015b) aims to keep the global temperature rise "well below 2°C" compared to preindustrial levels, and to pursue efforts to limit the temperature increase to no more than 1.5 °C. Achieving the goals of the Paris Agreement requires a substantial and sustained reduction in the net flow of CO2 into the atmosphere. This necessitates the rapid and extensive employment of low-emission technologies and mitigation options (Erbach, 2016; IEA, 2016; OECD/IEA, 2016; UN, 2015a; Yann et al., 2017) .
Carbon Capture and Storage (CCS) technologies are expected to play an important role in meeting the Paris Agreement targets. Currently it is the only available technology that can significantly reduce emissions from fossil fuel-based power generation, as well as other industrial processes, such as steel and cement production for the foreseeable future (Global CCS Institute, 2016; IEA, 2016a) . The pace of CCS deployment, however, is still far from meeting these challenges (IEA, 2016a; IPCC, 2014) . A critical step in CCS is identifying locations and methods for secure subsurface storage of carbon.
The CarbFix project aims at mineralising CO2 injected into basaltic rocks for its safe and long-term storage. The injection of CO2 into basaltic rocks offers several advantages over more conventional storage including its ability to promote rapid mineralisation and its large potential storage volume Goldberg and Slagle, 2009; McGrail et al., 2006; Snaebjörnsdóttir et al., 2014) . In the CarbFix method, CO2 is dissolved in water prior to, or during its injection into porous basalts (e.g. Sigfusson et al., 2015 , Matter et al., 2016 . Basaltic rocks are rich in divalent cations such as Ca 2+ , Mg 2+ , and Fe 2+ . Once dissolved, the CO2 is no longer buoyant, and the acidic CO2-charged fluid accelerates the release of these metals through basalt dissolution, promoting the formation of carbonate minerals including calcite, magnesite, siderite, and carbonate solid-solutions , thereby providing mineral storage of the injected CO2.
This paper follows three previous reports on the CarbFix injections: 1) a detailed description of the injection method and data from the injection well was provided by Sigfusson (2015) ; 2) the monitoring of chemical tracers, dissolved inorganic carbon, and pH in the first monitoring well downstream from the injection well was reported by Matter et al. (2016) ; and 3) the concentrations of dissolved major elements during and after injection in the first monitoring well, as well as the saturation indices of potential secondary minerals were described by Snaebjörnsdóttir et al. (2017) . Here we use fluid composition data collected prior to, during, and after the injection of 175 tonnes of pure CO2 into the subsurface basaltic rocks at the CarbFix site in SW-Iceland to model CO2-water-rock interaction during and after the injection. Modelling results will be used to illuminate the fate of the CO2 following its injection, and gain insight into the processes that occur between the basaltic bedrock, the injected fluids, and the pre-existing formation waters. In addition to the improved understanding of CO2-water-basalt interaction during the mineral storage of CO2, these modelling results also provide new insights into waterbasalt interaction during natural, shallow depth, and elevated pCO2 processes (e.g. Neuhoff et al., 2006) .
Methods

Site description
The CarbFix injection site has been described in detail in several papers (Alfredsson et al., 2013; Aradóttir et al., 2012; Snaebjörnsdóttir et al., 2017) . The site is located in SW-Iceland, about 30 km east of Reykjavík, and about 3 km SW of the Hellisheidi geothermal power plant, which is owned and operated by Reykjavik Energy. The power plant annually produces about 40,000 tonnes CO2 and 12,000 tonnes of H2S as a by-product of geothermal energy production. The gases are of magmatic origin.
In January to March 2012, 175 tonnes of pure CO2 were dissolved into co-injected water as it descended into well HN-02, a 2001 m deep injection well located at the site ( Fig. 1) , as described in detail by Sigfusson et al. (2015) . Carbon-14 ( 14 C), a reactive tracer, and sulphur hexafluoride (SF6), a non-reactive tracer were co-injected with the CO2-charged water. The injection site is equipped with eight monitoring wells that penetrate the groundwater system affected by the injection. The pH of the formation water in the monitoring wells penetrating the target groundwater system was 8.9-9.9 prior to the injection (Alfredsson et al., 2013) . Extensive monitoring was carried out prior to, during, and after the injection via sampling of the first monitoring well, HN-04. At the surface the distance between HN-04 and the injection well, HN-02, is 10 m, but due to the subsurface diversion of HN-04, the distance between the wells is ~125 m at 520 m depth, where the target carbon storage aquifer is located (Alfredsson et al., 2013; Aradóttir et al., 2012 ; Fig.   1 ).
The storage formation consists of basaltic lavas of olivine tholeiitic composition, as described in detail by Alfredsson et al. (2013) and Helgadóttir (2011) . The lava flows are characterized by crystalline interiors, and glassy scoria-rich tops and bases formed due to more rapid cooling. Fractures and faults are common in the area, which is tectonically active, as it is located on a triple junction where two active rift zones meet a seismically active transform zone (Foulger, 1988) . The initial rock porosity ranges from 5 to 40% (Franzson et al., 2008) and is mostly present at the glassy boundaries of these flows, but also in cooling cracks columnar jointing, younger fractures, and tectonic faults (e.g. Alfredsson et al. 2013 ). The major pre-existing alteration phases at the depth of the CO2 injection, at about 500 m and 30-50°C, are pore filling Ca-Mg-Fe-smectites, Ca-rich zeolites, chalcedony, and calcite; these phases are typically found in vesicles and fractures of the primary rocks (Alfredsson et al., 2013; Helgadóttir, 2011;  Table 1 ). These phases are characteristic of low temperature basaltic rock alteration (Kristmannsdóttir and Tómasson, 1978) , and reflect the low partial pressure of CO2 (>10 -2 bar) and high pH (>9) of the groundwater of the storage formation. Smectite-zeolite alteration can lead up to a 40% decrease in the initial porosity (Neuhoff et al., 2008) .
Field tracer tests were conducted during 2008-2011, both under natural and forced flow conditions to define the system hydrology. Hydrological modelling (Khalilabad et al., 2008) , and later reactive transport models (Aradóttir et al., 2012) were used to define the system hydrology and to characterize the flow between the injection well HN-02, and the first monitoring well, HN-04 (Khalibad et al. 2008 ). Most of the storage formation consists of relatively homogenous porous media flow with considerable dispersion and diffusion, with effective matrix porosity of 8.5%, but a fast breakthrough path, most likely caused by fracture or a thin interlayer connecting the wells, was found to channel about 3% of the flow between wells HN-02 and HN-04 (Aradóttir et al., 2012; Khalilabad et al., 2008) . The lateral and vertical intrinsic permeabilities were estimated to be 300 and 1700×10 -15 m 2 , respectively, and the regional undisturbed groundwater flow velocity was estimated to be about 25 m y -1 (Aradóttir et al., 2012) . The groundwater flow between the wells was accelerated during the injection and the subsequent monitoring period by pumping water into the HN-02 injection well at 2 kg s -1 and by producing water at 1 kg s -1 from the first monitoring well (HN-04). Both wells were sampled regularly prior to, during, and after the injection. The sampling procedure is described in detail by Snaebjörnsdóttir et al. (2017) .
Geochemical modelling
Reaction path modelling was performed to illuminate the identity and extent of fluidmineral reactions during and after the first CarbFix injection at Helisheidi, in January to March 2012. Efforts were made to model the reaction path of the first breakthrough of the injected CO2-rich fluid, which channelled about 3% of the injected fluid and arrived at the first monitoring well (HN-04) about 60 days after the onset of the injection, and the second breakthrough of the bulk of the injected fluid, arriving about 400 days after the onset (Fig.   2 ).
The geochemical reactions were studied as a function of the mass of basalt dissolved into the CO2-charged injection fluid, both in terms of secondary mineral formation and water chemistry. Aqueous speciation, mineral saturation states, and reaction path calculations were performed using PHREEQC (Parkhurst and Appelo, 2013) . The standard PHREEQC database was used in all calculations after including revised thermodynamic data for the primary and secondary minerals of basaltic rocks and basaltic rock alteration taken from Gysi and Stefánsson (2011, Table 2 ). The calculations were performed assuming that the Three processes have been identified to account for the chemical evolution of the injected fluids sampled from the HN-04 monitoring well (Matter et al., 2016; 2017):
1) The mixing of the acidic injection fluids with the alkaline formation waters.
2) The dissolution of the pre-existing glasses and minerals of the storage host primary basalt during and after the injection.
3) The dissolution of pre-existing calcite within the storage formation at the onset of the injection.
The mixing of the injection fluid with the background waters is most certainly a gradual process, which starts as soon as the injected fluid enters the storage formation and continues until this fluid enters the monitoring wells. While the conservative chemical tracers provide a quantitative mixing ratio between the injected fluid and formation waters in samples collected from the first monitoring well, field observations provide little insight into the temporal evolution of this mixing process. As such, we performed initial modelling calculations assuming either 1) the injected CO2-charged injection fluid mixed with the formation water immediately upon entering the subsurface followed by basalt dissolution;
2) the dissolution of basalt and calcite into the injected fluids was followed by its mixing with formation water; or 3) the continuous mixing of the injected fluid with the formation fluids as basalt dissolved. Comparison of these modelling results with field observations showed a best fit with the second model. As such all calculations below were performed assuming the injected fluid first reacted with the basalt and then was diluted by mixing this reacted fluid with formation water in the proportions prescribed by the measured conservative tracers.
The fluid phases
A representative composition of the formation waters, prior to the arrival of the CO2-rich injected fluids, was sampled from the first monitoring well (HN-04) on the 25 th of January 2012. The chemical composition of this water sample, 12KGM01, was previously reported by Snaebjörnsdóttir et al. (2017) and is provided in Table 3 . Similarly, the composition of the injection fluid prior to the addition of dissolved CO2 and chemical tracers is represented by sample 12KGM06, collected from well HN-01 on the 3 rd of February 2012. This chemical composition was previously reported by Snaebjörnsdóttir et al. (2017) and is provided in Table 3 . Water was first pumped from well HN-01, as shown in Fig. 1 . The CO2 gas and tracers were dissolved into this water during its injection into the subsurface as described by Sigfusson et al. (2014) . The CO2-charged water was then released into the basaltic storage formation at a depth of ~520 m and a temperature of about 35°C (Fig. 1) . The dissolved inorganic carbon (DIC) concentration of this water as it enters the storage formation was 0.82 mol/kg on average. After its injection into the subsurface, this water is affected by both fluid-mineral interaction with the subsurface rocks, and dilution via mixing with the pre-existing formation waters.
The fluids continuously produced out of the first monitoring well, HN-04, were regularly sampled during the injection and over the subsequent months. The samples consist of a mixture of the injected fluid and the formation fluids. The mixing fraction of these two fluids was calculated using the non-reactive SF6 tracer concentration and mass balance calculations by Matter et al. (2016) . Two samples collected during the arrival of the major parts of the CO2-rich water plume to the first monitoring well are sample 12KGM33, collected about 60 days after the onset of the injection, and sample 13SOS06, collected about 400 days after the onset of the injection. These samples are representative of the chemical compositions of the subsurface fluids during the first and second plume breakthroughs ( Fig.2) . The chemical compositions of these samples are provided in Table   3 , and were previously reported by Snaebjörnsdóttir et al. (2017) .
Host rock reactivity
The subsurface storage formation at the CarbFix site consists mainly of a combination of glassy and crystalline basalts with some secondary phases as described in section 2.1. The interaction between the basaltic rock and the CO2-charged acidic injection fluid can be viewed as a titration process, where the basaltic rocks act like a base which titrates into aqueous carbonic acid, consuming protons and releasing cations upon dissolution ( Table   2 ). This raises the fluid pH to a range favouring carbonate precipitation when some of the released cations combine with the injected CO2 to form stable carbonate minerals.
The composition of the glassy basalts at the injection site is close to that of the Stapafell Mountain located in SW-Iceland, near the CarbFix injection site. Its chemical composition, normalised to one Si atom, is consistent with SiTi0.024Al0.358Fe0.188Mg0.281Ca0.264Na0.079K0.008O3.370 (e.g. Gysi and Stefánsson, 2011; Oelkers and Gislason, 2001 ) and its molar weight, based on its Si normalized composition, is 123 g/mol. The reactivity of the Stapafell basaltic glass has been extensively studied Gislason and Oelkers, 2003; Oelkers and Gislason, 2001; Stockmann et al., 2011; Wolff-Boenisch et al., 2004) . The dissolution of basaltic glass is considered to include two basic steps: 1) non-stoichiometric dissolution due to a formation of a leached layer, where alkali and alkaline-earth metals are preferentially removed, followed by 2) the steady-state, stoichiometric dissolution of the Al and Si enriched leached layer (Oelkers and Gislason, 2001) . The dissolution of this Al-and Si-rich surface layer is the rate-limiting step of the dissolution (e.g. Gislason and Oelkers, 2003; Guy and Schott, 1989) . The chemical composition of Stapafell basaltic glass and its reactivity is used in the model calculations as described below.
The crystalline basalts consist of olivine, pyroxene, plagioclase, and to a lesser extent iron oxides and glass. More than 90% of the crystalline fraction of the CarbFix subsurface storage consists of plagioclase (plag), pyroxene (pyr) and olivine (ol). The dissolution rates of crystalline basalt were measured and reported by Gudbrandsson et al. (2011) . These rates were originally modelled by these authors assuming the basalt consists of only the three major phases, plag: pyr: ol with modal abundances of 44:39:17. To be consistent with these experimental results, the equations and relative mineral surface areas of Table 1 .
In addition to the dissolution of the primary rocks in the storage formation, some dissolution of pre-existing secondary phases likely occurred. This applies particularly to calcite, due to its rapid dissolution kinetics. Matter et al. (2016) measured the 14 C/ 12 C ratio of samples collected from the first monitoring well, suggesting a ~50% dilution of the injected fluid 14 C during the first breakthrough, and a ~10% dilution of the injected fluid 14 C during the second breakthrough, most likely via dissolution of pre-existing calcite shortly after the injection of the CO2-charged fluid into the basaltic storage formation. The effect of the carbonate dissolution on the system evolution is discussed in section 4.3.
The fast-flow path of the first breakthrough
This first breakthrough path is characterized by a relatively fast flow between the injection well and the first monitoring well, channelling ~3% of the injected fluid (Khalilabad et al., 2008) . The pH was measured to be as low as 6.7 in the sampled monitoring fluids during the first breakthrough.
Crystalline basalt was selected to represent the dissolving primary rock of the first breakthrough for two reasons: 1) Preliminary modelling calculations of the first breakthrough using basaltic glass as the main dissolving phase results in fluids having compositions inconsistent with those sampled from this first breakthrough; notably computed Na and DIC were substantially higher than their measured counterparts. This difference could be explained by the faster release rates of divalent cations from crystalline basalts compared with basaltic glass. Notably at acid to neutral conditions, Mg and Fe are preferentially released from crystalline compared to glassy basalts due to the higher dissolution rates of olivine, and to lesser extent pyroxene, compared to plagioclase and glass .
2) This is further supported by the aquifer characterisation reported by Khalilabad et al. (2008) , indicating the first breakthrough to be associated with a shallow depth fracture flow between the two wells at. The depth of the aquifer in the injection well HN-02 is at about ~550 m, but the depth of the fracture pathway channelling the first breakthrough to well HN-04 is at about ~420 m. This indicates fracturing through the interiors of the lava-pile, likely transecting the crystalline surfaces of the bedrock.
Taking these observations into account, the primary crystalline rock and calcite was dissolved into the CO2-charged injection fluid, and later mixed with the background waters in the model calculations, as described in Fig. 3. 
The second breakthrough flow-path of the bulk of the injected fluid
This second breakthrough path is hosted within a large volume of homogenous media with inter-connected porosity, channelling the bulk of the injected fluid (Khalilabad et al., 2008) .
The pH of the sampled fluids collected from the first monitoring well during this second breakthrough was measured to be ~8.2. The fluid composition evolution along this slow flow path is likely to be dominated by basaltic glass dissolution; basaltic glass dominates the tops and bases of individual lava flows of the olivine-tholeiite lava pile in the storage formation (e.g. Alfredsson et al., 2013) and hosts the main flow paths of fresh to moderately altered lava pile (e.g. Franzson, 2000; Neuhoff et al., 2008) . Preliminary modelling calculations of the second breakthrough showed a relatively good fit with the sampled fluids compositions when assuming basaltic glass dissolution dominated fluid-rock interaction. Within the model calculations of the second breakthrough, therefore, basaltic glass was dissolved into the CO2-charged injection fluid along with calcite, and later mixed with the background waters, as described in Fig. 3. 
The precipitating phases
The chemical compositions of the secondary phases that were allowed to precipitate during the reaction path modelling, if they became saturated in the aqueous phase, are provided in Table 2 . These secondary phases are consistent with those found during the low temperature (<100°C) alteration of Icelandic basaltic rocks, as well as those carbonate minerals that potentially form at low temperatures and elevated CO2-pressures from the release of Ca, Mg, and Fe, as reported by Rogers et al. (2006) , and Gysi and Stefánsson (2011) . The choice of these secondary minerals is further justified by field observations of natural processes (e.g. Alfredsson et al., 2013; Kristmannsdóttir and Tómasson, 1978; Neuhoff et al., 1999) , laboratory observations of low temperature CO2-water-basalt interaction (Gysi and Stefánsson, 2012) , and from results of CO2 field injection experiments (Matter et al., 2016; Snaebjörnsdóttir et al., 2017) .
The saturation states of Al-hydroxides, zeolites, and clays depend strongly both on the chemical composition and thermodynamic data chosen for each phase. The zeolites taken into account in this study are those observed in drill cuttings collected from the injection well (Alfredsson et al., 2013) and those known to be stable at temperatures below 75°C (Helgadóttir, 2011; Kristmannsdóttir and Tómasson, 1978) . The clay minerals considered are smectites with a chemical composition similar to that reported from the area of the injection (Schiffman and Fridleifsson, 1991; Snaebjörnsdóttir, 2011) . Due to the low pH, low temperature, and the short residence time of CO2-water-rock interaction, clay minerals and zeolites were excluded in the modelling of the first breakthrough due to their sluggish precipitation rates (e.g. Kloprogge et al., 1999; Neuhoff et al., 2000) .
Results
The computed fluid compositions in the absence of basalt-fluid interaction
The initial pH of the injected fluid, prior to injection and CO2 dissolution, was measured to be ~9. Table 3 . The only saturated phase in this CO2-charged fluid was chalcedony; all carbonate minerals were highly undersaturated ( Table 4) .
The pH of the monitoring well fluids at the onset of the injection was measured to be 9.2, as represented by sample 12KGM01 ( Table 3) . The saturated phases in the fluid were smectites, zeolites, calcite, and aragonite (Table 4) . The pH of the fluids sampled from the first and second injection fluid breakthroughs at the first monitoring well was measured to be 6.7 and 8.2 respectively, as represented by samples 12KGM33, and 13SOS06 (Table 3) .
This high pH relative to the injection fluid indicates significant water-CO2-rock interaction with the subsurface storage formation, and mixing with the alkaline background waters along the flow-paths between the injection well and the first monitoring well.
The fraction of alkaline formation fluids mixed into the acidic injection fluid in the subsurface was calculated using the SF6 non-reactive tracer together with non-reactive, conservative fluid mixing calculations, as described by Matter et al. (2016) . The effect of this fluid mixing in the absence of fluid-basalt interaction are shown in Fig. 4 . The pH increase resulting from mixing of the two fluids accounts for a pH rise from 3.7 to 4.6 during the first breakthrough with a 90% mixing fraction of the alkaline formation waters (Fig. 2-3) , and from 3.7 to 4.1 during the second breakthrough of the injected solution breakthrough with a 60% mixing fraction of the alkaline formation waters. Chalcedony is the only saturated phase in both fluid mixtures, as was the case for the CO2-charged injection fluid (Table 4 ). All carbonate minerals are highly undersaturated.
The first breakthrough
The first breakthrough resulting from the arrival of ~3% of the injected CO2-charged water occurred in well HN-04 about 60 days after the onset of the injection, as indicated by the SF6 non-reactive tracer concentrations in the monitoring well fluid samples (Matter et al. 2016 , Fig. 2 ). The pH of the fluids collected from the monitoring well of this first breakthrough was about 6.7 and the DIC concentration was 4.0 mmol/L (Snaebjörnsdóttir et al., 2017 ; Table 3 ). Pure mechanical mixing of the injected CO2-charged water with the formation waters, using the observed 1:9 ratio in the sample, would result in pH 4.6 (Table 3) during the first breakthrough with those computed in this study are shown in Fig. 6 . Chalcedony is calculated to be the first alteration phase to form, together with minor amounts of Fe-and Al-hydroxides (e.g. microcrystalline gibbsite) (Fig 5.d-e) . The first carbonate-phase calculated to form is siderite (FeCO3) at pH ~5 (Fig. 5 a-c) . Note that the formation of carbonates at such low pH is favoured by the high pCO2 of the injected fluid. Gradually, the carbonates become more Mg-, and Ca-rich, with the formation of Mg.25Fe0.75-solid solution, and subsequently a Ca0.25Mg0.50Fe0.25-solid solution, and calcite ( Fig. 5b-c) .
The second breakthrough
The second breakthrough occurring as the peak concentration of the SF6-non reactive tracer arrived at the HN-04 monitoring well, indicating the arrival of the bulk of the injected fluid, occurred about 400 days after the onset of the injection (Matter et al., 2016;  (Fig. 6 ). This indicates that the bulk of the injected carbon was mineralised along the flow-path towards the monitoring well within 400 days after the onset of the injection, as previously reported by Matter et al. (2016) and Snaebjörnsdóttir et al. (2017) . This is also supported by 14 C-data as described by Matter et al. (2016) , and the net-input of Ca, Mg, and Fe via host rock dissolution as described by Snaebjörnsdóttir et al. (2017) .
The results of the reaction path calculations are shown in Fig. 6 The modelling calculations suggest that the first minerals to precipitate from the injected CO2-charged fluid, at high pCO2 and pH <6.5 , are aluminium hydroxides (microcrystalline gibbsite) and chalcedony, with some minor iron-hydroxides ( Fig.7d-e) . Carbonate minerals begin to form at around pH 5. Again, the low pH of the initial carbonate mineral formation is due to the high pCO2 of the fluid phase. The first carbonate-phase predicted to form is siderite at pH ~5. As the fluid evolves above pH 5, the carbonates become more Mg-rich and Ca-rich, with the formation of a Ca0.25Mg0.25Fe0.50-solid solution, followed by a Ca0.25Mg0.50Fe0.25-solid solution, and lastly calcite ( Fig.7b-c) . Calcite is the dominant carbonate forming when the pH reaches ~8. At pH ~6.9 the zeolite analcime is calculated to start forming, and thomsonite at pH ~7.6. Finally, smectite is calculated to become supersaturated at pH ~8.0, and Mg-clays at pH ~8.1 (Fig.7d-e) .
Discussion
Mineral sequences -comparison to experiments and natural analogues of basalt-CO2 interactions
The results of the reaction path modelling described above indicate the formation of mineral sequences in agreement with observed secondary mineralogy, formed by the alteration of basaltic rocks in natural systems with high pCO2 and temperatures below 100°C (Rogers et al., 2006) , and during CO2-water-basalt experiments (Gysi and Stefánsson, 2012) . The results of the reaction path modelling are also in good agreement with the computed saturation states of the sampled fluids during and after the injection (Snaebjörnsdóttir et al., 2017) , and the reaction path modelling of CO2-water-basalt interaction at 25°C reported by Gysi and Stefánsson (2011) . The formation of Fe-rich carbonates is also favoured by the fast dissolution rates of Febearing olivine and pyroxene in crystalline basalts, as described by Gudbrandsson et al. (2011) . Siderite has not been identified at the field site, but was identified as a product of basalt-CO2-water interaction in Greenland, along with Fe-Mg and Fe-Ca-Mg-carbonate solid solutions (Rogers et al., 2006) . These carbonates have also been identified in drill-cuttings from the Svartsengi geothermal field in SW-Iceland (Richter et al., 1999) , which has a significantly higher salinity and higher temperature gradient than the CarbFix site.
Progressive basaltic rock-dissolution provokes an increase in pH and a decrease in dissolved CO2 concentration through the formation of Ca-rich carbonates, such as calcite, and Ca-Mg-Fe-solid solutions. At higher pH, carbonates become more abundant, forming along with chalcedony, and later both zeolites, and smectites ( Fig. 7b-e) . Speciation calculations of the fluids sampled during the second breakthrough show that they are saturated with respect to siderite, Ca-Mg-Fe-solid solutions, and calcite, as well as smectites and zeolites (Snaebjörnsdóttir et al., 2017) . This is also in agreement in with the modelling reported by Gysi and Stefánsson (2011) , which shows increased mass of secondary minerals forming with the increasing basalt dissolution.
As previously mentioned, calcite and aragonite are the only carbonate phases identified to be present in the formation rocks prior to the injections (Alfredsson et al., 2013) .
Furthermore, calcite was the only carbonate phase identified on the precipitates forming on the submersible pump in the monitoring well HN-04 in the months after the second breakthrough, along with some trace amounts of clays (Snaebjörnsdóttir et al., 2017) . This is in agreement with the reaction path calculations at pH >8, where the only carbonate phase precipitating is calcite, along with smectites and zeolites ( Fig.7b-c) . This is also in agreement with the modelling work of Gysi and Stefánsson (2011) , which shows the reduced mobility of Al, Si, Mg and Fe at alkaline conditions due to smectite and zeolite formation. These observations, however, do not exclude the formation of Fe-rich carbonates during and after the injection. The precipitation of Fe-bearing carbonate minerals at pH <6 could either have formed in the subsurface closer to the injection well, and/or were dissolved when pH increased, and re-precipitated as more stable carbonates such as calcite.
The efficiency of carbon mineralisation in basaltic rocks
Two key factors are essential for successful mineral storage of CO2 in basaltic rocks: 1) Sufficient permeability and/or active porosity, providing flow paths for efficient injection of the CO2-rich fluid, and mineral surfaces for geochemical reactions to occur, and 2) conditions favourable for the efficient formation of carbonate minerals.
The CO2-water-rock interaction between the injected fluid and the basaltic rocks results in the formation of secondary phases with significant volume and porosity changes ( Fig. 5c and e, Fig. 7c and e, Fig. 8 ). The efficiency of the carbon mineralisation in this system can be evaluated by the mineral sequences forming and their relative abundance, as described in section 4.1, and in Figs. 5, 7 , and 8. Near the injection well, where the pH is low and the pCO2 is high, the only phase calculated to be supersaturated is chalcedony (Table 4) . At these conditions, the dissolution of the pre-existing phases occurs, leading to increased permeability and porosity near the injection well.
Further from the injection well, as the pH increases, the increased formation of secondary minerals occurs. The carbonation efficiency depends on the availability of the cations, mostly Ca, Mg, and Fe, provided by the dissolution of the primary rock, and the competition for these cations by other minerals such as zeolites and smectites -see section 4.1, and Fig. 7 . Taking this into account, the most efficient carbonation during the second breakthrough occurred at pH ranging from ~5.2 to 6.5. At these conditions the only non-carbonate phases forming are chalcedony, and Al-and Fe-hydroxides ( Fig. 5 and 7) . No other secondary minerals compete for the available Ca-, Fe-, and Mg-cations liberated by the basalt dissolution, nor for the available pore space. We can refer to this as the "sweet-spot" of mineral carbonation in basalts at 20-50°C.
At lower CO2 partial pressures, and higher pH, the formation of carbonate minerals is limited somewhat by the formation of zeolites and smectites, and other clay minerals. This can affect the efficiency of the carbon mineralisation dramatically, since these minerals consume both cations and pore space. Additionally, both zeolites and smectites are voluminous hydrated minerals. The net effect of these minerals on porosity is evident in Fig. 8 , which illustrates the volume change of primary and secondary minerals along the reaction flow path.
Provided that the storage formation consists of relatively fresh, porous, and permeable basalts that respond to the injection by gradually increasing the injected fluid pH to conditions suitable for carbonate formation, the efficiency of the system is maximized by injecting at a rate fast enough to keep the pH low near the injection well. This prevents clogging by ensuring only minor local secondary mineral precipitation near the injection well, and keeps the pCO2 sufficiently high so that zeolites and clay formation only occurs at some distance from this well. This observation suggests the importance of continuous CO2-charged water injection, thus avoiding pH fluctuations that favour zeolite and smectite precipitation near the injection well, which would clog pore space and diminish permeability -and thereby lower the efficiency of the injection (Fig.7c and Fig. 8) .
However, as clearly seen in high-temperature geothermal fields, there are ways to preserve or recover permeability. Basaltic formations are mostly located in tectonically active areas, where faults and fractures are common and have large effect on the permeability (e.g. Fisher, 1998; Flóvenz and Saemundsson, 1993) . Such is the case at the CarbFix site as demonstrated by the fracture flow of the first breakthrough. The injection of the CO2-rich fluid can also cause hydrological fracturing due to overpressure and thermal cracking in areas of high geothermal gradient (e.g. Axelsson et al., 2006) . Lastly, volume changes due to the precipitation of secondary minerals might also stimulate micro-fracturing of the hostrock. The permeability of basaltic rocks, nevertheless, naturally diminishes with increased age, due to progressive alteration, and gradual burial of the strata (e.g. Sigurdsson and
Stefánsson, 1994).
The reaction path calculations define the amount of basaltic rocks required for mineralisation of the injected CO2. For the second breakthrough, the dissolution of ~106 g of basaltic glass is required to dissolve into each kg of the injected fluid to mineralise about 95% of the injected carbon. This result indicates that about 500 tonnes of basaltic glass were dissolved in response to the 175 tonnes of CO2 injected at the CarbFix-site in January 2012. Calculations suggests that this would result in the formation of approximately 420 tonnes of carbonates, about 450 tonnes of zeolites, and about 100 tonnes of smectites.
The effect of the presence of calcite in the original reservoir rock
The rapid dissolution rates of calcite in acidic fluids, if present in the original host rock, could play a significant role at the onset of the injection by raising the pH of the injected fluids via the reaction: CaCO3 + CO2 + H2O = Ca 2+ + 2CO3 2-+ 2H + ↔ Ca 2+ + 2HCO3 -The 14 C/ 12 C ratio of samples collected during the first breakthrough from the HN-04 monitoring well suggests a 50% dilution of the carbon in the fluid, and during the second breakthrough a 10% dilution, most likely via calcite dissolution at the onset of the injection (Matter et. al. 2016 ). The effect of this added calcite was evaluated by removing the dissolution of calcite pre-existing in the formation basalts from the previous calculations.
The results of these calculations are summarized in Fig. 9b-c for the first breakthrough, and 2) It increases the rate of pH increase of the fluids following their injection (see Figs. 9 -10 a). The more rapid pH increase leads to an earlier onset of carbonate mineral precipitation. Note, however, that kinetics are not considered in our modelling which could have a significant effect on these results.
In the absence of calcite dissolution, Mg-Fe-solid solutions are formed during the first breakthrough instead of Ca-Mg-Fe-solid solutions; and calcite does not reach saturation during the second breakthrough at pH <8. This could have an effect on the carbon mineralisation due to potential differences in precipitation rates, and stability of carbonates of different composition in the system.
The reactive surface area at the CarbFix site
The model calculations of the first and second breakthroughs described above provide estimates of the mass of basalt dissolved as the injected fluid moved from the injection to the first monitoring well. These masses can be used together with basalt dissolution rates reported in the literature and PHREEQC to estimate the reactive surface area that interacted with the injected fluids during the two breakthroughs.
Such calculations yielded a reactive surface area of 0.4 m 2 /kg water for the first breakthrough by taking account of the surface area normalized crystalline basalt dissolution rates reported by Gudbrandsson et al. (2011) and 13.6 m 2 /kg water for the second breakthrough, taking account of the surface area basaltic glass dissolution rates reported by Oelkers and Gislason (2001) . These estimates can be compared with the geometric surface areas calculated for idealised fractured or porous flow. Taking account of equations summarized by Oelkers (1996) , the surface area of a 1 cm wide smooth fracture would be 0.2 m 2 /kg water, whereas a 0.01 cm wide smooth fracture would be 20 m 2 /kg water. Similarly a surface area of closed packed 1 cm diameter spheres would be 1.7 m 2 /kg water, or 17 m 2 /kg water for 0.1 cm diameter close packed spheres. The retrieved surface area of the CarbFix subsurface basalts is thus consistent with flow through fractured or pervasively porous basalt. Moreover, the relative reactive surface area determined for the first breakthrough was estimated to be 34 times smaller than that for the second breakthrough, consistent with the former fluid flowing though a wider more direct fracture network. The consistency of these field based surface area estimates with calculated geometric surface areas thus validates to some degree the model calculations described above.
Conclusions
Several major conclusions result from this study.
1. The mineralisation of the bulk of the CO2 injected during the CarbFix project is driven by basaltic glass dissolution during the first ~400 days after the onset of its injection. This mineralization occurs during slow flow through porous basalts. 2 . Considerable mineralisation appears to be driven by crystalline basalt dissolution along a faster fracture flow pathway. The crystalline basalts of the interiors of the lava pile are likely transected by fractures that hosts this flow path. 3 . Even though the dissolution of the primary rocks is a contributor to the pH increase of the injected fluids, the mixing of the injected fluids with the formation waters also contributes considerably to the pH increase. The pH of the injected fluids would have increased from 3.7 to 4.6 during the first breakthrough and from 3.7 to 4.1 during the second breakthrough, due to the non-reactive mixing of the injected acidic fluids with the more alkaline formation waters. 4 . The efficiency of the carbon injection is limited by the permeability and/or porosity, and the availability of cations, both of which are limited by zeolite and smectite formation at higher pH and lower pCO2. It is therefore essential to keep the pCO2 high enough to prevent zeolites and clay formation near the injection well, but the pH high enough to be favour carbonate formation at a distance. The most efficient carbonate formation is computed to take place at pH from ~5.2 to 6.5. This pH favours carbonate precipitation due to the elevated pCO2 of the system but avoids the precipitation of filling Al-silicates, and can be referred to as the "sweet-spot" of mineral carbonation in basalts at low temperature (20-50°C).
5. The mineralisation of ~95% of the 175 tonnes of CO2 that were injected at the CarbFix-site in January 2012 would, according to the modelling calculations, require dissolution of about 500 tonnes of basaltic glass. This would result in the formation of about 420 tonnes of carbonates, 450 tonnes of zeolites, and about 100 tonnes of smectites.
6. Calcite dissolution taking place at the onset of the injection does not greatly affect chemical evolution of the system, though it influences which carbonates form and contributes to more rapid pH rise during the injection. Tables   Table 1 . Secondary phases identified in drill cuttings in the top 1000 m of the injection well, HN-02 (Alfredsson et al., 2013; Helgadóttir, 2011) . The total depth of the well is 2001 m. The depth of the target storage formation is ~400-800 m (e.g. Alfredsson et al., 2013; Aradóttir et al., 2012 Table 4 . The calculated saturation indices of the primary and secondary phases considered in this study (Table 2 ) in the sampled fluids described in Table 3 . 
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